Abstract Endothelial cells have been implicated as key cells in promoting the pathogenesis and spread of cytomegalovirus (CMV) infection. This study describes the isolation and culture of rat brain endothelial cells (RBEC) and further evaluates the infectious potential of a Malaysian rat CMV (RCMV ALL-03) in these cultured cells. Brain tissues were mechanically fragmented, exposed to enzymatic digestion, purified by gradient density centrifugation, and cultured in vitro. Morphological characteristics and expression of von Willebrand factor (factor VIII-related antigen) verified the cells were of endothelial origin. RBEC were found to be permissive to the virus by cytopathic effects with detectable plaques formed within 7 d of infection. This was confirmed by electron microscopy examination which proved the existence of the viral particles in the infected cells. The susceptibility of the virus to these target cells under the experimental conditions described in this report provides a platform for developing a cell-culture-based experimental model for studies of RCMV pathogenesis and allows stimulation of further studies on host cell responses imposed by congenital viral infections.
Introduction
Human cytomegalovirus (CMV) is a clinically significant herpes virus (Bissinger et al. 2002 ) that establishes a lifelong latent infection. Although relatively harmless in the healthy population, the virus is a public health nuisance and a major cause of distress in the immunoimmature or immunosuppressed individuals (Emery 2001; Varani and Landini 2011) . As a consequence of maternofetal primary infection, human CMV infection may lead to severe neurological crisis and long-term disabilities which are often irreversible (Boppana et al. 1997; Ornoy and Diav-Citrin 2006; Cheeran et al. 2009 ). The virus is classically involved in a multifaceted interplay with the host and unanimously behaves in a parasitical manner. During early stages of infection, CMV dynamically creates the most advantageous and profitable environment for viral propagation by manipulating the cell cycle and confiscating the host cell survival machineries. Sequentially, the virus counteracts the host immune response by promoting cell cycle dysregulation and inducing apoptosis to facilitate viral dissemination (Salvant et al. 1998; Millard et al. 2010) .
Due to the health implications of CMV infection, there has been a constant need to develop an animal model that could mimic human CMV infections (Kern 2006; Schleiss 2006) . This issue was addressed following the isolation of rat CMV (RCMV) from placental and uterine tissues of Rattus rattus diardii (Loh et al. 2003) . The specific isolation from these tissues and subsequent transmission to cause congenital infection in the offspring (Loh et al. 2006 ) offered great advancement as an animal model for detailed exploration of the transplacental transmission of CMV. Nevertheless, in spite of the promising potential of this unique RCMV strain to emulate infections in humans, scarce information is currently available which merits further studies.
CMVs commonly, but not exclusively, infect in a speciesspecific manner and displays wide cell tropism in its quest to establish and maintain persistent infections. Neurotropism of CMV is evident from the prevalence of neurological impairment observed during congenital infection with the brain being the major target of end-organ damage (Cheeran et al. 2009 ). The virus infects multiple cell types (Plachter et al. 1996) , and endothelial cells (EC) are of no exception (Maidji et al. 2002) . Such cells appear to be critical sites for CMV persistence and latency (Jarvis and Nelson 2007) and are considered as key elements for CMV pathogenesis by promoting the hematogenous spread of the virus from the primary site of infection to neighboring tissues (Carlson et al. 2005; Bentz et al. 2006; Streblow et al. 2008) . Endothelial infection in vitro may help imitate CMV pathogenesis in vivo (Vossen et al. 1996) , highlighting the biological relevance of this cell type. However, despite its significance, the receptiveness of rat brain endothelial cells (RBEC) to support the intrauterine-associated rat CMV ALL-03 strain is still unrecognized and forms the objective of this study.
Materials and Methods
Preparation of cell culture surfaces. Prior to dissection, T25 flasks (Nunc Inc., Roskilde, Denmark) were coated with freshly prepared collagen diluted in phosphate-buffered saline (PBS, pH 7.4) at a ratio of 1:30 and dried for 1 h at 37°C in a humidified incubator containing 5% CO 2 .
Animals and collection of brain tissues. Two-month-old breeding pairs of heterozygous Sprague Dawley rats were purchased from the Animal Resource Unit, Faculty of Medicine and Health Sciences, Universiti Putra Malaysia, and maintained under standard laboratory diet. Rats were mated, and offspring at 2-4 wk of age were used.
RBEC isolation. All chemicals used were from SigmaAldrich Chemical Co. (St. Louis, MO), unless otherwise mentioned. Following euthanasia, cerebral hemispheres containing the gray matter were collected, placed in 70% ethanol for 2 min, and then rinsed in ice-cold Hanks' Balanced Salt Solution (Cellgro®, Mediatech Inc., Manassas, VA) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, and 2.0 μg/ml Fungizone. Meninges were removed, and brain tissues were homogenized mechanically before being digested in 1 mg/ml collagenase for 2 h at 37°C. Homogenates were supplemented with 15% dextran and centrifuged at 4,000×g for 10 min at 4°C. The pellets containing the microvessels were washed twice with PBS, further treated with 1% collagenase/dispase for 1 h at 37°C, centrifuged, and resuspended in RBEC medium (Cell Applications Inc., San Diego, CA).
Purification of RBEC and primary cell culture. Briefly, a discontinuous gradient comprising of 15 ml Euro-Ficoll solution at p01.07 g/ml and 20 ml Euro-Ficoll solution at p01.03 g/ml were layered manually in a centrifuge tube. Cell suspensions were layered on top of the gradients and centrifuged at 1,000×g for 10 min at room temperature. Endothelial clusters were collected between the two interface layers, washed with PBS, and collected by centrifugation. Cells were transferred to T25 collagen-coated flasks in RBEC growth medium fortified with 10% EC growth supplements and 5% fetal bovine serum (FBS; Biowest, Nuaillé, France) to allow RBEC to migrate and proliferate. Following incubation for 48 h at room temperature, the culture medium was removed, the adherent cells washed once with PBS, and fresh RBEC growth medium was added. Fibroblast growth in the cell cultures was inhibited by incrementally decreasing the concentration of FBS from 5 to 0.2%, yet maintaining the percentage of endothelial growth supplements. In addition, cells were routinely subjected to washes with Ca 2+ -and Mg 2+ -free saline and treated with trypsin/EDTA solution diluted in versene (1:5) for 3-5 min to selectively eliminate contaminants. Cell culture morphology was routinely examined and subcultivated upon confluency. Cells of passages 3 to 12 were used for all the experiments.
Immunocytochemistry. Rat embryonic fibroblast (REF),
Vero, and RBEC were grown to confluency on Lab-Tek chamber slides (Thermo Fisher Scientific, Waltham, MA), washed with PBS, and fixed in cold acetone-ethanol mixture (1:1 ratio) for 20 min at 4°C. After fixation, cells were washed with cold PBS and incubated with 0.3% hydrogen peroxide for 5 min at room temperature to block endogenous peroxidase activity. Cells were incubated with PBS containing 5% bovine serum albumin (Bio Basics Inc., Amherst, NY) for 1 h to block nonspecific protein binding and covered with a 1:200 dilution of von Willebrand factor (vWF) primary antibody (Abcam, Cambridge, UK) before being incubated for 1 h at room temperature. After rinsing the slides three times with PBS, the secondary antibody, horseradish peroxidase-conjugated goat anti-rabbit IgG (Abcam), was applied for 1 h at room temperature. Slides were washed three times with distilled water and the antibody-antigen reaction was visualized by the addition of diaminobenzene substrate. After an additional wash with distilled water, slides were mounted with glycerol and photographed with a Nikon Eclipse TS100 inverted light microscope (Nikon Instrument Group, Tokyo, Japan).
Virus propagation and infectivity studies. Virus stocks of RCMV ALL-03 prepared in REF were inoculated into RBEC. After virus adsorption for 1 h at 37°C, RBEC complete medium with growth supplements was added, and cultures were further incubated. Infected and uninfected cells were routinely inspected for signs of cytopathology at time intervals (4 to 14 d p.i.). To compare the effects of RCMV ALL-03, REF monolayers were infected using the same parameters described above.
Fifty-percent tissue culture infectious dose (TCID 50 ). Viral titrations were performed using the method described by Payment and Trudel (1993) . Tenfold serial dilution of RCMV ALL-03 culture supernatants was prepared in RBEC growth medium. Each dilution was inoculated into a well of a 24-well plate containing confluent monolayers of RBEC, and PBS served as the negative control. Following infection, culture plates were incubated for 1 h to allow virus absorption followed by the addition of RBEC media. Visual inspections of the monolayer were periodically monitored on a daily basis. Evidence of cytopathic effects (CPE) was scored with "+," whereas absence was marked as "−." Upon cessation of CPE, the virus titer was determined using the method described by Reed and Muench (1938) , which evaluates the endpoint dilutions where 50% of the cell cultures were infected.
Electron microscopy. RCMV ALL-03-infected RBEC cells were fixed with 2.5% glutaraldehyde in a 0.1-M sodium cacodylate buffer, rinsed three times with 0.1 M sodium cacodylate buffer, and post-fixed with 1% osmium tetroxide for 2 h at 4°C. Samples were rinsed and dehydrated in a graded ethanolic series culminating in two changes of 100% acetone. Samples were embedded in epoxy resin, polymerized, sectioned, and stained with 2% uranyl acetate and lead citrate. Sections were examined using a Hitachi H7100 transmission electron microscope (TEM). For scanning electron microscopy, following dehydration in a graded ethanol series, samples were critical-point dried, mounted on specimen stubs, sputter-coated with gold-palladium, and examined under ESEM Phillips XL30.
Results
In this report, we productively cultured RBEC from rat brain and further inspected the capacity of RCMV ALL-03 to infect these cells. Initially, when the cells were first plated, they appeared as single cells and small clusters. Many were lost at the early feedings, but several surviving cells could be seen migrating out from the cell clusters (Fig. 1a) after 2-3 d of initial plating. By day 7, cells started to proliferate gradually to form a pre-confluent monolayer (Fig. 1b) the cells matured and cell density increased, majority of the cells showed a uniform appearance of closely apposed elongated spindle-shaped morphology. Subcultivation was done in a split ratio of 1:5, and the time taken for cell confluency is dependent on the density of the initial seeding, but it was typically achieved within 2 wk of culture (Fig. 1c) .
Cryopreserved cells could be recovered using standard measures, displayed normal RBEC morphology, and were grown to confluency with at least 90-95% viability as determined by the trypan blue dye exclusion test. RBEC could be maintained for 2-3 mo and passaged to at least 10-12 times. Following this, the proportion of actively dividing cells decreased, and the cell population classically entered a state of replicative senescence.
Morphological identification of EC may be insufficient by phase-contrast microscopy alone. Therefore, we utilized immunocytochemical stainings using vWF (factor VIIIrelated antigen) which is a widely used marker for EC. In the first two passages, retention of the endothelial properties expressed by positive staining for vWF was observed in 70% of the cells, and a second cell type was also present which most probably represented cell contaminants that were vWF negative. However, the amount of positive stained cells steadily increased with subsequent passages until it reached 90% verifying the predominant cell type was of endothelial origin. REF and Vero cells remained negative for vWF (Fig. 2a, b, c) .
RBEC were infected with 10 4.6 TCID 50 /ml RCMV ALL-03 to establish the cells' competency and susceptibility to viral infection. Through visible inspection, we observed that infection of RBEC with RCMV ALL-03 resulted in distinctive morphological features typical of CMV-like CPE. Signs of viral-induced cytolysis include focal rounding of cells, formation of plaques, and subsequent cell degeneration throughout the monolayer (Fig. 3a) . Examination of RBEC-infected cells revealed numerous vacoulation and multiple multinucleated cells (Fig. 3b) as a consequence of viral infection. Cytopathic development was typically slow, occurring at day 4 p.i. and progressing gradually in reaching up to 70-90% cell lysis by day 15. Comparison with infected REF monolayers showed no observable difference in the CPE between both cell types analogous to the findings by Bruggeman et al. (1986) . Electron microscopic observation confirmed that cultured RBEC were susceptible to RCMVALL-03 by the presence of virions in ultrathin sections with the size and shape characteristic of herpes virus (Fig. 3c) . Such existence implied that the viral particles replicated in RBEC.
Discussion
An understanding of the neuropathogenesis of congenital CMV is clearly justifiable due to the health implications of CMV-related infections (Cheeran et al. 2009 ). Current knowledge on the intrauterine-associated RCMV ALL-03 pathogenesis has mostly come from direct in vivo studies (Loh et al. 2006) . Nevertheless, such studies did not focus solely on EC since the cells represent a small portion of the total cells in the brain making in vivo examination complicated. The interactions between RCMV and EC from the brain could be investigated more directly in culture systems, and hence, our principal objective of this study was to establish an infectivity system by isolating EC from the brains of young rats and to culture it in vitro. Obtaining a consistent and reproducible culture of EC is crucial for the success of subsequent experiments. Previous methods for isolating and maintaining EC have been described from a wide variety of sources for a large number of species (Bowman et al. 1981; Gordon et al. 1991; Abbott et al. 1992; Song and Pachter 2003; Carlson et al. 2005; Wolburg et al. 2009; Millard et al. 2010) . Re-existing knowledge and several aspects of previously reported techniques were adapted with few modifications. This study utilized Euro-Ficoll as opposed to Percoll gradients with comparable results and made full use of commercially available RBEC selective media with EC growth supplements that have been shown to profoundly enhance the growth of EC. Furthermore, we did not make use of filter meshes, glass beads, or columns in an attempt to make the isolation method simpler and less demanding.
A number of preventive strategies were also employed to ensure as pure a population of viable EC as possible since the overgrowth of contaminating cells such as pericytes, fibroblasts, smooth muscles, and glial cells (Gordon et al. 1991; Abbott et al. 1992) could impede research findings and complicate the interpretation of the results. Contaminants were kept to a minimum by careful dissection that removed the meninges with their associated cells and treatment with collagenase and dispase to remove pericytes (Bowman et al. 1981) . Despite this, a small number of contaminating cells were still visible based on morphologic scrutiny, in the first passages. For this reason, the amount of FBS was incrementally decreased from 5 to 0.5% over a 7-d period, and cultures were treated with Ca 2+ -and Mg 2+ -free saline and with trypsin-EDTA to selectively remove residual fibroblasts without affecting EC growth and attachment. Cells were fortified with selective media with growth supplements to enhance the growth of EC while inhibiting the growth of contaminating cells. All these cumulative steps synergistically reduced the number of contaminants and subsequently resulted in an enriched population of cells that were morphologically consistent with EC (Abbott et al. 1992; Vandenhaute et al. 2012 ). This notion, coupled with the immunocytochemical evidence for vWF, indicates that these cultured cells are authentically of endothelial nature.
EC culture-based systems are often used to embody tentative in vitro models of the blood-brain barrier (Garberg 1998; Roux and Couraud 2005; Bernas et al. 2010) . Culture of such cells has proved to be valuable for studies of physiology, biochemistry, and pharmacology of the brain endothelium, with a great deal of focus on permeability, drug uptake, and transport investigations (Franke et al. 2000; Calabria et al. 2006; Zhang et al. 2006; Nakagawa et al. 2009 ). Although much useful information has come from these investigations, such studies may not be relevant to examine the susceptibility of these cells to congenitalassociated viral infection. Hence, the desirability of a cell culture system for viral pathogenicity studies is indispensable since in vitro susceptibility of EC hypothetically correlates with in vivo observations.
With this in mind, the second objective of this current study was to ascertain whether the cultured RBEC were susceptible to RCMV ALL-03 for them to be developed as target cells for future exploration. CMV susceptibility has been controversial with conflicting results reported in literature. Friedman et al. (1981) suggested that CMV was unable to replicate in endothelial cells though others have suggested otherwise (Bruggeman et al. 1986; Smiley et al. 1988; Fish et al. 1998 ). An interesting observation concerning this matter can be drawn from the work of Vossen et al. (1996) whereby differences in permissiveness for RCMV were displayed in different EC lines. The discrepancy of previous findings implicates a dual role for the endothelium in CMV infection: a barrier to obstruct CMV infection and, paradoxically, a spreading agent to promote the spread of the virus. Since no work on RCMV ALL-03 has been done with regard to this, it was essential to determine the effect of this intrauterine-associated strain upon infection in RBEC. This study confirms that the RBEC cultured in vitro is capable of supporting RCMV ALL-03 replication. The virus could replicate in the brain cells characterized by typical cytopathological features comparable to the CPE-like features previously reported using EC prepared from the hearts of Brown Norway rats (Bruggeman et al. 1986 ). Furthermore, the existence of RCMV ALL-03 in endothelial cells was verified using TEM studies.
Following the discovery of RCMV ALL-03, a number of cell types from a wide variety of sources have been tested for virus susceptibility with little success (submitted for publication). However, the possibility of cross-species infectivity of CMV in other species has been raised (Degré et al. 2001; Whitteker et al. 2008; Millard et al. 2010) including the likelihood of an immunological cross reactivity between RCMV ALL-03 with its human counterpart (Camalxaman et al. 2011 ). This implies that CMV is less parochial in its host range than previously assumed, and such notion needs to be addressed in forthcoming experiments. For a more in-depth exploration of cellular targets, a model of RCMV neurological infection using a more comprehensive range of brain-derived cells including neurons and glial cells following a similar protocol described in this study could be employed and examined. In addition, other sources of rat EC representing the heterogeneity of rat endothelium in vivo should also be investigated in the near future.
Despite the etiological significance of RCMV ALL-03, the exact role in the pathogenesis of congenital viral infection is still unknown and represents a stimulating area for ongoing research. Further studies are eagerly awaited to elucidate the mechanisms of RCMV ALL-03 replication and virus assembly in RBEC essential for an improved understanding of RCMV-induced pathogenesis and viral persistence that could mimic infections in humans. Such insights could in turn help define antiviral interventions that can be applied to the management of infected individuals.
Conclusions
In summary, the method used in this report can be used to productively culture RBEC that can retain morphologic and antigenic characteristics of EC. More exclusively, this study confirms that RCMV ALL-03 is endotheliotropic, providing a valid incentive for the establishment of RBEC as an in vitro experimental system to study the responses of target cells to pathogenic agents. In view of our current findings, the generation of such system could potentially accelerate further experimental studies on pathogenicity and hostpathogen interactions under well-controlled and strictly defined conditions which could augment existing and forthcoming in vivo approaches.
